Excitation energies, transition probabilities, and lifetimes are calculated for 3l 1 3l 2 -3l 3 3l 4 electric dipole transitions in Mg-like ions with nuclear charges Z ranging from 13 to 100. Relativistic many-body perturbation theory ͑MBPT͒, including the Breit interaction, is used to evaluate retarded E1 matrix elements in length and velocity forms. The calculations start from a 1s 2 2s 2 2p 6 Dirac-Fock potential. First-order perturbation theory is used to obtain intermediate coupling coefficients, and the second-order MBPT is used to determine the matrix elements. The contributions from negative-energy states are included in the second-order E1 matrix elements to achieve agreement between length-form and velocity-form amplitudes. The resulting transition energies and lifetimes are compared with experimental values and with results from other recent calculations.
I. INTRODUCTION
The magnesium isoelectronic sequence has two valence electrons outside a closed nϭ2 core, and is a paradigm for studying strong correlations between closely spaced levels. There are many examples in this sequence of level crossings of states having the same parity and angular momentum; such examples occur for both low and high values of the nuclear charge Z. Notably, the 3p 2 , the 3p3d, and the 3d 2 levels cross the 3snl (lϭ0 to 4͒ levels, becoming relatively more tightly bound as the nuclear charge Z increases. Such crossings provide severe tests of atomic structure calculations. Comparisons with measurements of energies, transition rates, and fine-structure intervals also provide useful tests of the quality of different theoretical models. Many experimental energy levels and fine-structure intervals are now available up to very high nuclear charge (Zϭ50) for the 3l3lЈ levels; additionally, experimental rates for some transitions between these levels are available. The objective of this paper is to present a comprehensive set of calculations for 3l3lЈ energies and transition rates, and to compare them with previous calculations and experiments for the entire Mg isoelectronic sequence. Most earlier measurements and calculations focused on the 3snl 1, 3 L states and the low-lying 3 p 2 configuration of 1 S, 1 D, and 3 P states. Very few results exist for other 3pnl states. The large number of possible transitions have made experimental identification difficult. With this more accurate set of calculations, experimental verifications should become simpler and more reliable.
Several early theoretical calculations for Mg-like ions were based on the Hartree-Fock method: excitation energies and line strengths for the low-lying states of ions in the sequence were studied using multiconfiguration Dirac-Fock ͑MCDF͒ wave functions by Cheng and Johnson ͓1͔ and lifetimes were evaluated using multiconfiguration Hartree-Fock wave function by Froese Fischer and Godefroid ͓2͔. Recently, MCDF calculations of energies and transition probabilities along the Mg sequence were reported by Jönsson and Froese Fisher ͓3͔. The multiconfiguration relativistic random-phase approximation ͑MCRRPA͒ was used by Huang and Johnson ͓4͔ to calculate excitation energies and oscillator strengths for Mg-like ions and by Chou, Chi, and Huang ͓5͔ to determine excitation energies and oscillator strengths including core-polarization effects in Mg-like ions with Zϭ12-22. Butler et al. ͓6͔ used a modified R-matrix program to calculate energies and oscillator strengths for some 3l3lЈ transitions in a limited number of ions (Z ϭ12-14, 16, 18, 20 , and 26͒; while Curtis ͓7͔ used a semiempirical method to obtain transition rates for the 3s 2 -3s3p resonance and intercombination transitions for the entire sequence ͓7͔. Finally, it should be noted that large-scale relativistic configuration-interaction ͑CI͒ calculations of 3s 2 1 S 0 -3s3 p 1,3 P 1 transition energies in Mg-like ions were carried out recently by Chen and Cheng ͓8͔. Accurate measurements along the Mg isoelectronic sequence come from a variety of light sources. Most accurate wavelength measurements come from plasma light sources, both magnetic-fusion and laser-produced plasmas, early work on the low-Z ions being completed by Fawcett ͓9͔. Other early wavelength measurements on high-Z ions are by Litzen and Redfors ͓10͔, Churilov et al. ͓11͔ , and by Sugar and Kaufman ͓12,13͔. Much of this work was summarized by Ekberg et al. ͓14͔ in their report of measurements on Ge XXI-Zr XXIX observed in laser-produced plasmas ͓14͔, and which is compared with the present data in ͓15͔. In the present paper, relativistic many-body perturbation theory ͑MBPT͒ is used to determine energies of nϭ3 states of Mg-like ions with nuclear charges Zϭ13-100. Energies are calculated for the 3s 2 ground state, the 18 even-parity 3 p3pЈ,3s3d, and 3d3dЈ excited states, and the 16 oddparity 3s3p and 3p3d excited states. The calculations are carried out to second order in perturbation theory. Corrections for the ͑frequency-dependent͒ Breit interaction are included in first order only. Lamb shift corrections to energies are also estimated and included.
Relativistic MBPT is used to determine reduced matrix elements, oscillator strengths, and transition rates for all 168 allowed and forbidden electric dipole 3l-3lЈ transitions in Mg-like ions. Retarded E1 matrix elements are evaluated in both length and velocity forms. The MBPT calculations starting from a local potential are gauge independent order by order, providing ''derivative terms'' are included in the second-and higher-order matrix elements and careful attention is paid to negative-energy states. The present MBPT calculations start from a nonlocal 1s 2 2s 2 2p 6 Dirac-Fock potential and consequently give gauge-dependent transition matrix elements. Second-order correlation corrections compensate almost exactly for the gauge dependence of the firstorder matrix elements, leading to corrected matrix elements that differ by less than 1% in length and velocity forms throughout the periodic system.
II. THEORETICAL TECHNIQUE
The MBPT formalism developed previously ͓26,27͔ for Be-like ions is used here to describe the perturbed wave functions, to obtain the second-order energies ͓26͔, and to evaluate the first-and second-order transition matrix elements in Mg-like ions. Differences between calculations for Be-like and Mg-like ions are due to the increased size of the model space (3l3lЈ instead of 2l2lЈ) and the Dirac-Fock potential (1s 2 2s 2 2p 6 instead of 1s 2 ). These differences lead to much more laborious numerical calculations ͑35 states instead of 10 and 168 electric dipole transitions instead of 16͒.
A. Model space
The model space for the nϭ3 complex in Mg-like ions has 19 even-parity states and 16 odd-parity states. These states are summarized in Table I where both j j and LS designations are given. When starting calculations from relativistic Dirac-Fock wave functions, it is natural to use j j designations for uncoupled transition and energy matrix elements; however, neither j j nor LS coupling describes the physical states properly, except for the single-configuration state 3p 3/2 3d 5/2 (4)ϵ3p3d 3 F 4 . Strong mixing between 3s3d 3/2 (2) and 3 p 3/2 3 p 3/2 (2) states was discussed in detail by Cheng and Johnson ͓1͔. Additionally, we found strong mixing inside the odd-parity complex of states. In Fig. 1 , as an example, the mixing between the 3p 1/2 3d 5/2 (2) and 3 p 3/2 3d 3/2 (2) states is illustrated. As can be seen from the figure, the dominant configuration for Zϭ13-31 is 3p 3/2 3d 3/2 (2) but changes to 3p 1/2 3d 5/2 (2) for Zϭ32-100.
B. Electric dipole transitions
We designate the first-order dipole matrix element by Z (1) , the Coulomb correction to the second-order matrix element Z (2) , and the second-order Breit correction B (2) . The evaluation of Z (1) ,Z (2) , and B (2) for Mg-like ions follows the pattern of the corresponding calculation for berylliumlike ions in Refs. ͓27,28͔. These matrix elements are calculated in both length and velocity gauges. The differences between length and velocity forms are illustrated for the uncoupled 3s3s(0)-3s3 p 1/2 (1) matrix element in Fig. 2 Fig. 2͒ . The differences between length-and velocity-form results in Fig. 2 are compensated by ''derivative terms '' P (derv) , as shown later. It should be noted that P (derv) in length form almost equals Z (1) in length form; P (derv) in velocity form is smaller than Z (1) in velocity form by three to four orders of magnitude.
C. Contribution from the negative-energy states
As emphasized recently in studies of E1 transitions in Be-like ions ͓27,28͔, relativistic calculations require a careful treatment of negative-energy states ͑NESs͒. In this paper, we use the no-pair Hamiltonian ͓29-31͔, which excludes negative-energy states, to calculate relativistic wave functions. Negative-energy states contribute to transition amplitudes in higher-order MBPT calculations through sums over intermediate states ͓32͔. To illustrate the relative importance of the NES contributions for Mg-like ions, consider lengthform (S L ) and velocity-form (S V ) line strengths for the 3s 2 1 S 0 Ϫ3s3p 3 P 1 transition. Without NES contributions, the differences between S L and S V range from 25% at low Z to 5% at high Z; including NES contributions reduces the difference to less than 1% for all Z. Contributions from the negative-energy states are more important for S V than for S L . Essentially all of the length-velocity difference mentioned above is accounted for by NES contributions to S V only.
D. Excitation energy
Details of the theoretical method used to evaluate secondorder energies have been presented previously in ͓26͔ for Be-like ions. The energy calculations for Mg-like ions are illustrated in Table II and in Fig. 3 . In Table II we list the following contributions to the energies of odd-parity Jϭ1 states in Fe
(1) , the second-order Coulomb energy E (2) , the QED correction E (Lamb) , and the total theoretical energy E (tot) . The screened self-energy and vacuum polarization data given by Blundell ͓33͔ are used to determine the QED correction E (Lamb) . It should be noted that E (tot) for the ground state of Fe ϩ22 is equal to Ϫ34.733 241 a.u. and should be subtracted from the final column in Table II to obtain excitation energies relative to the ground state. This table illustrates that E (2) is the largest correction to the principal contribution E (0ϩ1) . In Fig. 3 , we present the Z dependence of the E (2) corrections given in Table II . There are sharp features in the curves shown in Fig.  3 for Zϭ14 and 15 which can be explained by nonsymmetric off-diagonal terms in the second-order energy matrix discussed previously in Ref. ͓34͔.
III. COMPARISON OF RESULTS WITH OTHER THEORY AND EXPERIMENT
We calculate energies of the 16 odd-parity 3s 1/2 3p j (J) and 3 p j 3d j Ј (J) excited states, and the 19 even-parity 3s 1/2 2 (0),3p j 3p j Ј (J), and 3s 1/2 3d j (J) excited states for Mglike ions with nuclear charges ranging from Zϭ13-100. Reduced matrix elements, oscillator strengths, and transition rates are also determined for all 168 allowed and forbidden electric dipole 3l-3lЈ transitions for each ion. Comparisons are also given with other theoretical results and with experimental data. Our results are presented in three parts: transition energies, fine-structure energy differences, and transition probabilities and lifetimes.
A. Transition energies
The resonance transitions 3s 2 1 S 0 Ϫ3s3 p 1,3 P J have been thoroughly investigated, theoretically and experimentally, for the Mg sequence. In Table III The only measurements of fine-structure intervals were made by observing the wavelength differences between transitions within the triplet states. The intervals of both upper and lower states are overdetermined if all allowed transitions are observed, and this is the case for several ions in the sequence, particularly for the 3s3 p,3s3d, and 3 p3 p levels for lower Z. These fine structures are quite regular throughout the isoelectronic sequence, following the Landé interval rules reasonably well. Table IV shows that the splittings for 3s3 p triplets, where measured, are in excellent agreement with our calculations.
On the other hand, our calculations show that the fine structures of the 3p3d levels do not follow the Landé rules for all Z. The P and D states are partially inverted, while the F states show regular ordering of the fine-structure splittings. In Fig. 4 , we show how these two intervals vary strongly with nuclear charge for the P and D states. A few experimental data ͓36-41͔ are available to test our results. Some comparisons are made in Fig. 4 . The unusual splittings are due principally to changes from LS to j j coupling, with mixing from other triplet and singlet states. States with different J states mix differently. Further experimental confirmation would be very helpful in verifying the correctness of these occasionally sensitive mixing parameters.
C. Transition rates and wavelengths in Mg-like ions
As mentioned previously, line strengths, oscillator strengths, and transition rates are calculated for all 168 allowed and forbidden electric dipole 3l 1 3l 2 (LSJ)-3l 3 3l 4 (LЈSЈJЈ) transitions in Mg-like ions with nuclear in LS coupling, or 3s3p 1/2 (1),3s3p 3/2 (1),3p 1/2 3d 3/2 (1), 3p 3/2 3d 3/2 (1), and 3p 3/2 3d 5/2 (1) in j j coupling. The LS designations are used below since they are more conventional. In Figs. 5 and 6, we present transition probabilities from levels of the odd-parity states with Jϭ1 and Jϭ3 into the even-parity states 3s 2 1 S 0 and 3p 2 3 P 2 , respectively. Transition rates from the 3p3d 3 F 4 levels into the even-parity J ϭ4 states are presented in Fig. 7 .
It can be seen in Fig. 7 that the curves describing the 3 p3d 3 F 4 -3d 2 3 F 4 and 3p3d 3 F 4 -3d 2 1 G 4 transitions are smooth provided that the label 3d 2 3 F 4 is changed into the label 3d 2 1 G 4 for Zϭ54 and 55. In Fig. 6 , the singularity in the range of Zϭ40-50 is due to mixing of states inside the even-parity Jϭ2 complex, as discussed in detail by Cheng and Johnson ͓1͔. In Fig. 5 , the singularity for small Z is explained by mixing of states inside the odd-parity Jϭ1 complex. It is worth noting that the singularities occur when the A value for a given transition becomes very small compared to other A values within the same complex.
In Table V 
D. Lifetimes in Mg-like ions
A limited subset of our lifetime calculations is presented below to compare with available theoretical and experimental data. Lifetimes for the 3s 2 -3s3p resonance and intercombination transitions were reported by Curtis ͓7͔: he used measured lifetimes and spectroscopic energy levels as input to obtain semiempirical values for lifetimes along the Mg isoelectronic sequence. In Table VII , the semiempirical lifetimes for these two levels are compared with results from our present calculation. Our data are found to be systematically larger those from ͓7͔ for the entire interval Zϭ14-42. Our results for oscillator strengths are also compared with the MCRRPA calculations of Ref. ͓4͔ in this table. Our oscillator strengths are seen to be systematically smaller than those from ͓4͔; however, our values come into agreement with 2 1 D 2 and 3p 2 3 P 2 levels, and these two levels should be treated together. Such a treatment is not possible in a pure LS-coupling scheme. The disagreement for the 3p 2 1 D 2 level increases with increasing Z, confirming our conclusion about the cause of the difference.
In Table IX , a limited set of our MPBT data is presented for triplet states of Mg-like ions up to Zϭ26. The difference in the lifetimes of the individual multiplet levels is about 10%. This is especially true for the low-lying states 3p 2 and 3s3d. However, differences in lifetimes of individual multiplet levels for 3d 2 states are about 50%. The contributions of different channels to the lifetimes of the 3p3d
3 D 3 and 3p3d 3 F 3 levels are shown in Figs. 8 and 9. The curves represent the ratios of individual transition probabilities A to the sum of all transition probabilities ͚A for the level considered. It is seen from Fig. 8 Several lower-Z lifetime measurements have also been reported in chlorine ͓18͔, in argon ͓44͔, and in calcium ͓25͔.
In Table X , MBPT lifetime values are compared with the available experimental data. Good agreement with experimental data for the 3s3 p 1 P 1 level is found. For other levels, the disagreement between theoretical and experimental data is about 20%. For many levels, except the 3p 2 1 D 2 level, the theoretical lifetimes are smaller than experimental values.
IV. CONCLUSION
In summary, a systematic second-order MBPT study of the energies of the nϭ3 states of Mg-like ions has been presented. These calculations are found to differ from existing experimental energy data for intermediate Z at the level of 50 cm Ϫ1 for triplet states and 500 cm Ϫ1 for singlet states. They provide a smooth theoretical reference database for line identification.
Also presented is a systematic second-order relativistic MBPT study of reduced matrix elements, oscillator strengths, and transition rates for allowed and forbidden 3l-3lЈ electric-dipole transitions in Mg-like ions with nuclear charges ranging from Zϭ13 to 100. The retarded dipole matrix elements include correlation corrections from Coulomb and Breit interactions. Contributions from negative-energy states were also included in the secondorder matrix elements. Both length and velocity forms of the matrix elements were evaluated, and small differences, caused by the nonlocality of the starting Hartree-Fock potential, were found between the two forms. Second-order MBPT transition energies were used to evaluate oscillator strengths and transition rates.
Our theoretical data for allowed transitions agree with experiment within the experimental uncertainties for the 3s3p 1 P 1 level. We believe that our results will be useful in analyzing existing experimental data and planning new experiments. There remains a paucity of experimental data for many of the higher ionized members of this sequence, both for term energies and for transition probabilities and lifetimes. Additionally, the matrix elements from the present calculations will provide basic theoretical input for calculations of reduced matrix elements, oscillator strengths, and transition rates in three-electron Al-like ions.
